Superinfection of Spodoptera frugiperda insect cells that are persistently infected with Heliothis zea 1 (Hz-1) virus induces general cellular apoptosis and subsequently results in homologous virus interference. Since apoptosis correlates closely with both a significant decrease in yield of virus progeny and expansion of virus infection among cells, further experiments were designed to verify the direct association of apoptosis with homologous interference. It was found that superinfection-induced apoptosis can be efficiently blocked by the stable transfection of p35 into cells before or after the
Introduction
Heliothis zea 1 (Hz-1) virus contains a circular doublestranded DNA genome of 228 kb and is capable of establishing both productive and persistent infections in several lepidopteran cell lines Chao et al., 1992 ; Huang et al., 1982) . The virus was previously referred to as the type species of the subfamily Nudibaculovirinae in the family Baculoviridae (Francki et al., 1991) . Recently, Hz-1 virus and other non-occluded baculoviruses were excluded from the baculovirus family and are temporarily unclassified (Volkman, 1995) .
Upon infection of Hz-1 virus in insect cells, most of the infected cells are lysed within 24 h post-infection (p.i.). Such productive virus infection generates relatively high yields of virus progeny and more than 100 different viral transcripts are expressed (Chao et al., 1992 ; Lee et al., 1995) . However, a very small proportion of the infected cells, usually less than 0n2%, grow and become persistently infected clones. In these cells, only one 2n9 kb viral transcript was detectable in Sf9, Sf21 and TN368 cells persistently infected with Hz-1 virus (Chao et al., Author for correspondence : Yu-Chan Chao.
Fax j886 2 2782 6085. e-mail mbycchao!ccvax.sinica.edu.tw establishment of persistent virus infection. However, persistently infected cells are still strongly resistant to the challenge of Hz-1 virus, indicating that the induction of apoptosis is not essential for the resulting homologous Hz-1 virus interference. Replication and transcription of viral genomes are greatly retarded upon Hz-1 virus superinfection of persistently infected cells, whether stably transfected with p35 or not, suggesting that upon superinfection, the decreasing yield of virus progeny in these persistently infected cells is caused by a blockage early after virus infection.
1992
). This 2n9 kb RNA species was named the persistenceassociated transcript 1 (PAT1) and was transcribed by the persistence-associated gene 1 (pag1). PAT1 is a non-proteinencoding nuclear RNA with a function related to the establishment of persistent virus infection (Chao et al., 1990 (Chao et al., , 1992 (Chao et al., , 1998 .
Previously, differential cell deaths resulting from challenge of Hz-1 virus to parentally and persistently infected Sf cells were observed (Lee et al., 1993) . During the Hz-1 virus infection of parental Sf cells, productive infection ensued, resulting in necrosis of most of the infected cells and high yields of virus progeny. Challenge of persistently infected Sf cells by Hz-1 virus resulted in quick apoptosis induction with a low yield of virus progeny. Careful examination of the apoptotic and necrotic cells induced by virus challenges revealed that viral antigens could be detected only in necrotic cells, i.e. not in apoptotic cells. Apoptosis was always observed before the maturation of virus progeny, whereas necrosis always resulted following maturation of the virus (Lee et al., 1993) . Thus, apoptosis seems to serve as a part of the host defence mechanism against successful virus infection in insect cells persistently infected with Hz-1 virus.
Apoptosis is frequently induced by virus infections and has been reported in several virus groups including the adeno-viruses , herpesviruses , baculoviruses (Clem et al., 1991) , retroviruses (Meyaard et al., 1992) and many others. A successful productive virus infection is frequently composed of two stages : apoptosis induction by some viral early genes after virus infection (Prikhod'ko & Miller, 1996 ; Rao et al., 1992) ; and subsequent blocking of apoptosis by other viral genes to ensure the completion of virus replication and maturation (Chiou et al., 1994 ; Clem et al., 1991 ; Henderson et al., 1991 ; Rao et al., 1992) . Apoptosis plays multiple roles in the interactions between viruses and host cells. Induction of apoptosis can provide a mechanism for cells to block virus infection, as demonstrated in cells or organisms infected by baculovirus (Clem & Miller, 1993 ; Hershberger et al., 1992 ; Palli et al., 1996) , poxvirus (Martz & Howell, 1989 ; Tewari et al., 1995) or polyomavirus (Cohen et al., 1992) . However, different or completely opposite observations have also been reported. Inhibition of apoptosis was found to block productive virus infection and facilitate a switch from lytic to persistent virus infection (Levine et al., 1993) . Furthermore, it was found that a slow induction of apoptosis of cortical thymocytes may be an obligatory phase for chicken anaemia virus to complete its infection cycle (Jeurissen et al., 1992) .
Apoptosis of Spodoptera frugiperda (Sf) cells can be induced upon infection by a mutant Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) lacking a functional p35 gene (the annihilator, vAcAnh ; Clem et al., 1991) . The p35 gene is able to block apoptosis in the absence of other viral factors (Clem & Miller, 1994) due to its binding to and inactivation of interleukin-1β-converting enzyme-like cysteine proteases or caspases (Bertin et al., 1996 ; Bump et al., 1995 ; Xue & Horvits, 1995) . Apoptosis induced by the infection of AcMNPV which lacks a functional p35 gene has been reported to correlate with the reduction of both in vitro replication and in vivo infectivity of the virus in a cell line or organism-specific manner (Clem & Miller, 1993) .
Persistent virus infection in insects is an obscure phenomenon which is difficult to study and is thus a poorly understood field (Podgwaite & Mazzone, 1986) . When cells persistently infected with Hz-1 virus are challenged with the same virus, homologous virus interference occurs ). Previously we found that the induction of apoptosis correlates closely with the induction of homologous virus interference. So, in order to identify if homologous virus interference results from the induction of apoptosis or not, it is necessary to identify a way to block apoptosis without interfering with the infection of Hz-1 virus. Thus, if homologous virus interference is blocked upon inhibition of apoptosis, then apoptosis is necessary ; otherwise, it is not necessary for such interference. In order to further study the correlation between homologous Hz-1 virus interference and apoptosis, the p35 gene was used. We found that apoptosis induced by the superinfection of Hz-1 virus can be blocked by p35 ; however, cells persistently infected with Hz-1 virus were still resistant to virus infection.
These experiments indicate that, although apoptosis may be effective in blocking virus infection as documented elsewhere, it is not responsible for homologous virus infection in cells persistently infected with Hz-1 virus.
Methods
Cells and virus. S. frugiperda Sf9 and Sf21AE cells were maintained at 26 mC in TNM-FH medium supplemented with 8 % foetal bovine serum (Chao et al., 1992) . These are parental cells for the establishment of persistent virus-infected cells. The Hz-1 virus persistently infected SfP1 and SfP2 cells were established from Sf9 and Sf21AE cells, respectively, using the procedure described by Burand & Wood (1986) . The Hz-1 virus was propagated in Sf21 or TN368 cells (Chao et al., 1992) for the collection of virus inocula and\or viral genomic DNA.
Virus infection and plaque assay. Sf9, SfP1 and SfP2 cells were infected with Hz-1 virus at an m.o.i. of 5 and incubated at 26 mC. The zero time-point of infection was defined as the time of fresh medium addition, which was 2 h after initial virus inoculation. Virus growth was monitored by plaque assay using serial 10-fold-diluted virus suspensions as described previously (Summers & Smith, 1988) .
Dot blot hybridization.
Genomic DNA was purified from cells at different time-points following virus infection. DNA at 1 µg was loaded to MilliBlot following the protocol of the manufacturer (Millipore). The membranes were probed with total viral DNA labelled with [α-$#P]dCTP by a random priming method according to the manufacturer's instructions (Boehringer Mannheim). Intensities of the blots were quantified with a PhosphorImager (Molecular Dynamics).
RNA isolation and Northern hybridization. Total RNA was isolated by an ULTRASPEC RNA purification kit (Biotecx Laboratories), treated with glyoxal and fractionated at a concentration of 3 µg per lane in a 1 % agarose gel. The gel was next transferred to a filter membrane by a vacuum blotter (Vacu GeneXL, Pharmacia). The filter was then hybridized with a random primer-labelled genomic DNA of Hz-1 virus.
For dot blot hybridization of RNA, total RNA (3 µg) was loaded to MilliBlot following the manufacturer's instructions (Millipore). The filter was then hybridized with a random primer-labelled genomic DNA of Hz-1 virus. Intensities of the blots were quantified with a PhosphorImager (Molecular Dynamics).
Fluorescent staining of the nucleus. Cells were infected with viruses at an m.o.i. of 5, then at 12 h p.i. they were fixed with 2 % formaldehyde and 2 % glutaraldehyde in 1i PBS for 5 min at room temperature. The fixed cells were washed twice with PBS and stained with propidium iodide (0n05 µg\ml) containing 0n1 µg\ml DNase-free RNase A for 30 min at 37 mC. The samples were analysed under a fluorescence microscope.
Isolation of cell lines stably transfected with the p35 gene.
The plasmid pIE1hr&-p35\neo includes a complete open reading frame of the p35 gene driven by the ie1 promoter of AcMNPV. An hr5 sequence was inserted upstream of the ie1 promoter to enhance the promoter activity (Cartier et al., 1994) . In addition to the ie1 promoter and the coding region of the p35 gene, the coding region of a neomycin-resistant gene under the control of a heat-shock 70 promoter was also included in this plasmid (Fig. 1 A) . Plasmid transfection into the cell was performed using CellFECTIN following the manufacturer's instructions (Life Technologies). Two weeks after geneticin (G418, 2 mg\ml) selection, the neomycin-resistant clones were isolated. 
Results
Both p35 and pag1 were expressed in persistent Hz-1 virus-infected cell lines with a stably transfected p35
It was reported that the baculovirus gene p35 blocks virusinduced apoptosis resulting from the infection of AcMNPV (Clem et al., 1991) . Thus, it is reasonable to test whether apoptosis resulting from superinfection of cells persistently infected with Hz-1 virus can also be blocked by p35. If so, it will show that similar apoptosis pathways are shared by these two systems upon virus challenge, and, at the same time, offer us a chance to test whether apoptosis is essential for homologous Hz-1 virus interference.
Several sets of p35 stably transfected cells, prior or post Hz-1 virus persistent infection, were established. The first type of cells, Sf9\p35-1 and Sf9\p35-2 were Sf9 cells stably transfected with p35. The second type of cells, Sf9\p35-HA and Sf9\p35-HB, were two cell lines derived from persistent infection of Sf9\p35-1 cells with Hz-1 virus. Finally, the third type of cells, SfP2\p35-1, SfP2\p35-2, SfP2\p35-3 and SfP2\p35-4, were first persistently infected with Hz-1 virus and then stably transfected with p35. All these cell lines were different clones isolated from independent experiments of stable p35 transfection or persistent infection of Hz-1 virus. When analysed by Northern hybridization, the transcripts of p35 were expressed in cells infected with AcMNPV and cells stably transfected with p35 ( Fig. 1 B) , whereas PAT1 was properly expressed in all cells productively or persistently infected with Hz-1 virus (Fig.  1 C) .
Superinfection-induced apoptosis by Hz-1 virus is blocked by p35 of AcMNPV
These cells, expressing the transcripts of both p35 and PAT1, were challenged with two different viruses, Hz-1 virus and the annihilator vAcAnh. The latter is an AcMNPV which carries a mutation in p35 (Clem et al., 1991) . The experiments showed that no apoptosis was found in the mock-infected SfP2 cells (Fig. 2 Ai), but apoptosis was significantly induced upon superinfection of Hz-1 virus in persistently infected SfP2 cells (Fig. 2 Aii) . However, apoptosis could be blocked in persistently infected cells containing a p35 gene prior to the establishment of persistent virus infection (Sf9\p35-HA cells ; Fig. 2 Aiii) .
In order to further demonstrate that the function of p35 in blocking apoptosis is not observed solely in a particular cell clone, different Sf9 cells stably transfected with p35 were tested. The function of p35 was first verified by the infection of vAcAnh. The virus vAcAnh induced apoptosis in parental Sf9 and persistently infected SfP2 cells ( Fig. 2 B) ; however, apoptosis was largely inhibited in all cells stably transfected with the p35 gene (Fig. 2 B) . The apoptosis induction rate in Sf9 was only 29 % because the rate of apoptosis was calculated early, at 12 h p.i., for better propidium iodide staining. Although apoptosis rates increase at later stages (data not shown), cells become easily detached by washing and thus are more difficult to stain. The SfP2 cell line, which is persistently infected with Hz-1 virus, is a very sensitive cell line for the induction of apoptosis by using either Hz-1 virus or vAcAnh. The apoptosis induction rate can be as high as 78 % upon vAcAnh infection (Fig. 2 B) . Even so, stable transfection of p35 inhibits apoptosis efficiently in either newly established persistently infected cells or SfP2 cells (Fig. 2 B) . When infected with Hz-1 virus, little apoptosis was induced in Sf9 cells (Fig. 2 C) and essentially all cells were killed by necrosis (Lee et al., 1993 ; data not shown). A significant ratio of apoptosis was induced in persistently infected SfP2. This is the same phenomenon previously observed by Lee et al. (1993) . Apoptosis was largely inhibited in cells stably transfected with p35, whether transfection occurred prior to or after persistent infection by Hz-1 virus. The apoptosis inhibition efficiencies are especially significant for p35 stably transfected cell lines Sf9\p35-1 and Sf9\p35-2. They are also similarly significant for another two cell lines derived from Sf9\p35-1, the Sf9\p35-HA and Sf9\p35-HB cells (Fig. 2 C) . These results collectively indicate that similar apoptosis pathways, which can be blocked by p35, were taken by the superinfection of Hz-1 virus or infection of vAcAnh in Sf cells.
Homologous interference proceeds upon the inhibition of apoptosis
In order to distinguish whether apoptosis is the cause of homologous virus interference, cells stably transfected with a p35 gene either before or after persistent Hz-1 virus infection were further tested. As previously reported (Lee et al., 1993) , infection of Hz-1 virus in Sf9 cells results in productive virus infection which yields high titres of virus progeny (Fig. 3, Sf9) , whereas superinfection of SfP2 cells yields low virus titres due to homologous virus interference (Fig. 3, SfP2) which correlates with the induction of apoptosis (Fig. 2) . Interestingly, upon challenge by Hz-1 virus, the yield of virus progeny was still strongly suppressed in cells stably transfected with p35 (Fig. 3 , Sf9\p35-HA, Sf9\p35-HB, SfP2\p35-1, SfP2\p35-2, SfP2\p35-3 and SfP2\p35-4). The suppression of virus yield was not observed in Sf9\p35-1 and Sf9\p35-2 cell lines upon Hz-1 virus infection. This provides a necessary control ensuring that p35 does not interfere with the production of Hz-1 virus in Sf9 cells. Collectively, these results indicate that apoptosis, although induced simultaneously with homologous interference, is a parallel-induced cellular response and is not directly responsible for homologous interference upon superinfection of cells persistently infected with Hz-1 virus.
Viral DNA replication and gene expression are interrupted or delayed upon superinfection of persistently infected cells
To further study the molecular mechanisms of virus interference mediated by superinfection-induced apoptosis, levels of virus replication and transcription in parentally and persistently infected cells were compared upon superinfection with Hz-1 virus. Cellular DNA and RNA were isolated at different time-points after virus challenge. Dot blot hybridization analysis revealed that viral DNA signals were not detectable in Sf9 and SfP2 cells prior to virus infection. Viral DNA signals were weak at early stages in both cell lines and increased drastically at later stages in Sf9 cells, but only slightly in SfP2 cells. Viral DNA signals were strong prior to infection and in all Hz-1 virus infection stages in those persistently infected cell lines stably transfected with p35. However, these cell lines showed only a slight increase in later stages (Fig. 4 A) . The results of the dot blot hybridization were further analysed by densimetric scanning and showed that the rate of viral DNA replication upon superinfection was greatly reduced in persistently infected cells, whether they were stably transfected with p35 and with subsequent blocking of apoptosis or not, as compared to parental cells (Fig. 4 B) .
Northern blot and dot hybridization analyses were also performed to study the rates of viral gene expression in different cell lines. When the parental Sf9 cells were infected with Hz-1 virus, significant accumulations of viral transcripts were observed late after virus infection (Fig. 5 A, Sf9) . In persistently infected SfP2 cells, viral transcripts only barely increased until 12 h p.i. At this time-point, the accumulations of viral transcripts were still much less abundant than those accumulated during productive virus infection (Fig. 5 A, SfP2) . For one of the persistently infected cells containing p35, viral transcripts were clearly expressed even without virus challenge (Fig. 5 A, Sf9\p35-HA) , probably partly due to a strong constitutive expression of PAT1 (a 2n9 kb RNA species) in this cell line. However, only relatively weak increases in viral transcripts were found late after superinfection in these two persistently infected cells (Fig. 5 A, .
Viral gene expression upon infection of parental cells or challenge of persistently infected cells by Hz-1 virus was also studied by dot blot hybridization (Fig. 5 B) and further analysed by densimetric scanning (Fig. 5 C) . Both experiments suggest that the increases of viral transcripts in persistently infected cells upon challenge of Hz-1 virus were not evident compared with productive Hz-1 virus infection of Sf9 cells. Collectively, these results suggest that regardless of whether levels of original DNA contents and constitutive viral gene expressions are high or low in persistently infected cells, superinfection with Hz-1 virus has no significant effect on the increase of DNA replication and viral gene expression.
Discussion
In order to distinguish if apoptosis or some other mechanism(s) is responsible for homologous Hz-1 virus interference, the apoptosis-blocking gene p35 (Clem et al., 1991) was used in this experiment. It is generally known that p35 is a very effective gene in blocking apoptosis induced by the infection of vAcAnh, an AcMNPV which carries a p35 mutant (Clem et al., 1991) ; however, we found that p35 is also very effective in blocking apoptosis induced by superinfection of Hz-1 virus in the persistently infected cells. Notably, nearly complete blocking of apoptosis was observed upon superinfection of Hz-1 virus in Sf9\p35-HA and Sf9\p35-HB cells (Fig. 2 C) . Although the mechanism corresponding to this phenomenon is currently unknown, the expression of PAT1 in these two cell lines was found to be very high (Fig. 1 C) .
Probably this is because they were either newly established persistently infected cells or because a high copy number of viral DNA existed in the genome of these persistently infected cells (Fig. 4 A) . Alternatively, the differences in the PAT1 expression level may be due to variations resulting from different experiments, such as differences in natural mutations of the pag1 promoter or viral genes which interact with pag1 expression. Different Hz-1 viral genomic changes, mainly genomic deletions, were observed previously during persistent infection (Chao et al., 1990) .
Our experiments show that p35 only blocks superinfectioninduced apoptosis in cells persistently infected with Hz-1 virus, without altering homologous virus interference. We cannot rule out the possibility that such homologous interference was due to a difficulty in attachment to, internalization of, or uncoating of the Hz-1 virus ; however, the infection of these cells with AcMNPV still yielded similar amounts of virus progeny (data not shown), suggesting that this may not simply be due to general insensitivity to virus infection. Furthermore, cellular necrosis was not induced upon virus superinfection in persistently infected cells which contain a p35 gene (data not shown). Since necrosis always results from productive Hz-1 virus infection (Lee et al., 1993) , it is of interest to test if the expression of p35 blocks necrosis which is induced by virus infection. In order to assess this possibility, p35 was stably transfected into Sf9 cells, and the function of p35 was confirmed by the production of virus occlusion bodies by the infection of vAcAnh (data not shown). When these cells were infected with Hz-1 virus, necrosis of the cells proceeded normally, and the yield of virus progeny was not significantly different (Fig. 3) . These results clearly reveal that the expression of p35 has no effect on the production of the virus progeny in the cells infected by Hz-1 virus.
All these results collectively indicate that p35 is only functional in blocking apoptosis upon superinfection by Hz-1 virus. There is no evidence that p35 can induce or inhibit necrosis, or that it can interfere with the replication of Hz-1 virus. Thus, although apoptosis adheres closely to homologous Hz-1 virus interference, it could be a parallel-induced cellular response only. Our results show that the inhibition of viral gene expression upon superinfection does not result directly from the induction of cellular apoptosis. Rather, apoptosis may be a response resulting somewhere downstream from the induction of virus interference. A specific viral gene shut-off mechanism other than apoptosis which is responsible for or results from virus interference may exist in persistently infected cells upon superinfection. Alternatively, the as yet undetermined mechanism of virus interference may result in arrested virus (perhaps including some host) transcription which in turn triggers cellular apoptosis (Leist et al., 1994 ; Polunovsky et al., 1994) . If apoptosis is merely a result caused by virus interference, the inhibition of this downstream cellular response (by p35) certainly does not have any effect on homologous virus interference.
CCJI
When a cell is infected with a virus, either productive or persistent\latent virus infection may result, and the interference of virus infection upon superinfection of the persistent cells is a commonly observed phenomenon. Reports concerning the involvement of apoptosis in the establishment of persistent virus infection (Levine et al., 1993) , in virus resistance (or interference) (Clem & Miller, 1993 ; Cohen et al., 1992 ; Hershberger et al., 1992 ; Martz & Howell, 1989 ; Palli et al., 1996 ; Tewari et al., 1995) , in the completion of the virus lifecycle (Jeurissen et al., 1992) and to other virus-host interactions Meyaard et al., 1992 ; Taylor, 1992) are increasing. In this study we have demonstrated that, although apoptosis correlates well with the induction of homologous virus interference, it is not responsible for such interference. Further elucidation of the mechanism responsible for homologous virus interference will provide important information for us to better understand the complicated interactions between viruses and their hosts during persistent virus infection.
